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In order to minimize shape deviations in hardening of gear wheels, all production steps in the
manufacture of disks made of SAE 5120 prior to heat-treatment were analyzed by means of design of
experiments (DoE). The inﬂuence of hardenability, pre-heat treatment, forging temperature, and feed rate
and partition of material removal in cutting on the distortion of disks were investigated. Standard case
hardening of the disks led to a characteristic shape change called ‘‘dishing’’. The statistical analysis of the
test results has proven that dishing of disks is mainly affected by the partition of the material removal in
the considered case. In additional experiments dishing could be eliminated (on average) by an optimized
partition of the material removal. However, results from experiments with spray-formed disks and with
disks using a different forming strategy imply that the material ﬂow combined with material
inhomogeneities are the physical causes for dishing rather than the partition of material removal.
& 2010 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
High performance steel components are usually heat-treated at
the end of the production process in order to obtain an optimal
functional performance. However, in nearly all cases this ﬁnal heat
treatment also leads to distortion which means a change in
dimensions and shape of the part. This is caused by the so called
‘‘carriers of distortion potential’’ (CDP) [1] such as internal stresses,
which originate from the production process (e.g., cutting) and by
temperature and time-dependent processes such as phase trans-
formations and precipitation formation in the material. If the
deviations exceed the permissible tolerances, the components
have to be reworked. Since these corrective measures have to be
taken in the hardened state high additional costs occur.
The lack of knowledge about the carriers of distortion potential
and about the inﬂuence of possible interactions between manufac-
turing processes complicates the investigation of the causes of
component distortion [1]. This may lead to misinterpretations or
make investigations even impossible. However, the phenomenon of
production caused component distortion has been widely investi-
gated and documented by scientists frommany different disciplines.
Gunnarson et al. [2], for example investigated the inﬂuence of
the as-cast shape on the distortion behavior of gears and bearings.
Bergstro¨m et al. [3] investigated the inﬂuence of steel hardenability
and ﬂow ﬁeld in a quenching tank on gear distortion. Moerdijk [4]x: +49 421 218 3272.
(E. Brinksmeier),
i-bremen.de (U. Fritsching),
remen.de (R. Rentsch),
-NC-ND license.has done a lot of experiments with different quenching media and
steel grades to ﬁnd out the inﬂuence of the corresponding para-
meters on distortion. Lement [5] has calculated dimensional
changes after phase transformation from X-ray measurements of
the lattice parameters.
Machining processes signiﬁcantly affect shape deviations, too.
They generate a plastically deformed surface layer that acts as a
source for residual stress extending over the whole cross section of
the workpiece [6]. In most cases the plastic deformations have a
limited penetration depth on the order of some hundredth of
millimeters. However, for thin workpieces and workpieces with
great lateral dimensions the residual stress involved can cause
signiﬁcant shape deviations.
Most of the studies published in the past are only covering single
aspects of single production steps. As a consequence the scientiﬁc
ﬁndings on component distortion could not be transferred to
industrial applications. Only in the last years the idea of distortion
causes as a complex and widely cross-linked type of problem has
gained general recognition.
Thoben et al. described the German Collaborative Research Center
‘‘Distortion Engineering’’ for the ﬁrst time in 2003 in the 4th
International Conference on Quenching and Control of Distortion.
They stated that distortion is a system property and solutions for
avoidanceofdistortion requires a systemorientedanalysis anddesign
of the entire production process taking into account all factors that
possibly have an impact on dimensional and shape changes [7].
Volkmuth [8] showed that differences in the residual stress
along the ring circumference prior to heat treatment signiﬁcantly
affect distortion. He and co-authors also analyzed how different
manufacturing routes affect the out-of-roundness of bearing
rings [9]. They estimated the inﬂuence of soft machining on it to
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from hot rolled tubes. Kessler et al. [10] have proven in a fractional
factorial design thatworkpiece clampingduring softmachininghas
the highest inﬂuence on shape changes of rings caused in heat
treatment. This is explained by the varying residual stress state
along the ring circumference in agreement with Volkmuth’s
ﬁndings [8]. Other investigated factors like stirring during con-
tinuous casting, deformation ratio during upsetting and cooling
after forging did not signiﬁcantly inﬂuence shape or dimensional
changes. It was proposed by Clausen et al. [11] that the high
deformation ratio during upsetting and the spheroidization before
soft machining, i.e. turning, diminishes the effects of manufactur-
ing parameters inﬂuencing the chemical homogeneity of the
material.
Lamesle et al. [12] developed a methodology to collect, analyze
and to set up the scattered know-how experts from the process chain
to build a reasoning model which is able to predict distortion in a
qualitative way. Funatani [13] presented a list of distortion affecting
parameters which contains variables from all manufacturing steps.
The Collaborative Research Center ‘Distortion Engineering—
Distortion Control during Manufacturing Processes (SFB 570) follows
the system oriented approach, since it was established by the
Deutsche Forschungsgemeinschaft (DFG) at the University of Bremen
in 2001. The distortion behavior of three typical power transmission
components (bearing rings, shafts, and gear wheels) have been
investigated by scientists from different ﬁelds (mathematics, physics,
and engineering) in the SFB 570. In this paper results from investiga-
tions on the production of case hardened disks made from the steel
grade SAE 5120 are presented. As a ﬁrst step the disk geometry serves
as a simpliﬁed gear to study the distortion behavior of themain body
of a gear. All production steps of disks prior to case hardening were
taken into account in the research (Table 1). The inﬂuence of case
hardening on disk distortion is discussed in detail in [14].ch
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Fig. 1. Measured dishing of a case hardened disk.2. Objectives
The general objective of the presented research work was to
minimize shape deviations of disks after hardening. Disks can be
considered as the main body of gear wheels and by studying their
distortion behavior, certain shape deviations of gear wheels can be
derived from it. As a ﬁrst step themain inﬂuence parameters of the
production steps prior to case hardening were analyzed by meansTable 1
Processes and their parameters affecting carriers of the distortion potential in the manof DoE. The signiﬁcance levels of the effects of the parameters
were statistically evaluated by applying the t-test. Further experi-
mental series aimed at the physical causes for distortion and its
minimization.3. Distortion measurement and characterization of distortion
Geometrical measurements were conducted on a coordinate
measuring machine (CMM), type PRIMAR MX 4. For the measure-
ment a rotary table with tilting and centering unit was used.
All disks were measured before and after case hardening to
evaluate the shape changes due to heat treatment. Four ﬂatness
scans were measured at different radii at the top and bottom
surface. A characteristic distortion of the disks is the formation of a
dish at the top and bottom surface (Fig. 1).
The dishing of the disks is not visible to the unaided eye.
However, it can be detected by coordinate measurements and be
described by the slope m. To exclude a characteristic and sym-
metric effect at the edge of the disks due to case hardening, average
z-coordinates were calculated from the four ﬂatness scans of the
upper and lower surface (Fig. 2). The slopemwas calculatedby leastufacture of case hardened disks.
E. Brinksmeier et al. / International Journal of Machine Tools & Manufacture 51 (2011) 331–338 333squares analysis in the r-z-plane for different angles j in circum-
ferential direction: m¼tan(a)¼ f(j). The mean value of m for one
disk was computed by applying a Fast Fourier Transform (FFT, 0th
order). In order to analyze the inﬂuence of different process
parameters prior to case hardening on disk distortion, the change
of dish slope Dm¼mcase hardenedmmachined was calculated.
Three roundness scans at the inner and outer diameters were
measured, too. However, the inﬂuence of process parameters prior
to case hardening on roundness deviations and dimensional
changes is discussed in [15].4. Parameter study
4.1. Procedure
More than 200 parameters of the manufacturing process can
affect distortion [8]. From literature survey, company visits and
discussionswith scientiﬁc and industrial experts the number of the
main inﬂuencing parameters for themanufacture of case hardened
disks was reduced to twelve in a ﬁrst step. By conducting isolated
test plans, i.e. manufacturing parameters were varied in one
process only, the number of inﬂuencing parameters was further
reduced toﬁve (Table 1): hardenability, pre-heat treatment, forging
temperature, feed rate, and partition of material removal. In orderroundness scan
clamping
z
y
x
coordinate system
plane
z
r α
mean valueflatness scan
Fig. 2. Coordinate measurements of disks.
Table 2
Parameter levels of the 2V
5–1 fractional factorial design.
Factor code Factor
A Hardenability
B Forging temperature
C Pre-heat treatment
D Material removal partition
E Feed rate
Table 3
Chemical composition of the used steel heats.
Hardenability C Si Mn P S
Low 0.20 0.23 1.35 0.011 0.020
High 0.21 0.09 1.35 0.013 0.026to quantify the inﬂuence of a variation of these parameters on the
change of the dish slope, a 2V
51 fractional factorial design was
applied (Table 2) [16–18]. In this type of design main effects are
superimposed with fourth-and second-order interactions are
superimposed with third-order interactions. Each of the 16 var-
iants was repeated eight times, i.e. 128 experiments in total. The
heat treatment process was the same for all disks manufactured
according to the test plan.
In the following the parameter levelswill be shortly described. A
more precise presentation of all production steps in the manufac-
ture of disks can be found in Clausen et al. [15].
4.1.1. Casting (hardenability)
All disks were taken from two melts of SAE 5120 steel with the
same rolling strain, butwith different hardenabilities (Table 3). The
hardenability can be interpreted as an integral parameter to
describe the effect of the alloying elements on distortion.
4.1.2. Forming (forging temperature, and pre-heat-treatment)
The disks were manufactured in a three phase forging process:(1)Le

Hi
11
Ha
4 m
0.1Upsetting with a load of 100t,
(2) pre-punching and sizing of the disks with a main load of
approx. 750t, and
(3) punching with a load of 20–30t (the ﬁnal disk height of
22.5 mm corresponds to a logarithmic strain of 0.98).Since in hot metal forming the forging temperature has a strong
inﬂuence on the ﬂow stress and on the material ﬂow, it was varied
in the test plan (1150, and 1250 1C). Additionally the pre-heat
treatment which affects the microstructure of the workpieces
—and hence their machinability— was varied: (1) annealing to a
ferrite-pearlite structure (930 1C 1 h/3 min 650 1C 2 h/air cooling)
and (2) hardening and tempering (930 1C 30 min/10 bar N2+620 1C
4 h/2 bar N2).vel
+
gh Low
50 1C 1250 1C
rdened and tempered Ferrite-pearlite treatment
m/3 mm 1 mm/6 mm
mm 0.3 mm
Cr Mo Ni Cu Al N
1.02 0.03 0.10 0.12 0.04 0.015
1.24 0.09 0.12 0.10 0.03 0.012
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The distribution of residual stresses can be inﬂuenced by the
cutting parameters, mainly by the feed rate, as was shown in
preceding cutting experiments [19]. The top disk face was always
cut with a feed rate of f¼0.3 mm. In order to generate a homo-
geneous/an inhomogeneous distribution of residual stresses
between the bottom and the top surface, the bottom disk surface
was cut with the feed rate of f¼0.3 mm/f¼0.1 mm (Table 4).
The partition of material removal affects the position of the
remaining cross section of forged disks after turning. Results from
preliminary investigations suggested that it has a strong effect on
the distortion of the disks. Therefore, two partitions were chosen
for the DoE (Fig. 3): In partition 1 a material layer with a thickness
of 1 and 6 mm was removed on the top side and the bottom side,
respectively. In partition 2 the thickness of the removed layer on
the top side was 4 mm and on the bottom side 3 mm.
4.1.4. Case hardening (constant parameters)
All disks were case hardened with constant process parameters
by low pressure carburization in a two-chamber vacuum furnace
with gas quenching. Eachbatch consisted of eight disks hanging in a
single layer. Carburization was carried out at 940 1C in a C2H2-
atmosphere. The batch was gas quenched with nitrogen at a
pressure of 10 bar after holding for 20 min at 840 1C. The case
hardening depth was adjusted to 0.8 mm. The surface carbon
content averaged to 0.7 wt%.
4.2. Results
To identify signiﬁcant factors and interactions for the distortion
behavior of the disks, the results of the DoE experiments were
evaluated by applying the t-test [16–18] (Table 5). Three con-
ﬁdence intervals of 95%, 99%, and 99.9% were deﬁned, belonging toTable 4
Inﬂuence of the feed rate on the residual surface stresses, measured by X-ray
diffractometry.
material removal partition
1 mm / 6 mm
6 mm
1 mm
ecaf pot
ecaf mottob
Fig. 3. Comparison of the partithe probabilities for type I error a1¼0.05, a2¼0.01, and a3¼0.001,
respectively. The effects were classiﬁed by comparing them with
the conﬁdence intervals according to four different signiﬁcance
levels: insigniﬁcant (), indifferent (n), signiﬁcant (nn), and highly
signiﬁcant (nnn).
Changing the partition of material removal (D) from level ‘-’ (total
depth of cut on the top face/bottom face: 4 mm/3mm) to ‘+’ (total
depthof cuton the top face/bottomface:1 mm/6mm) leads toahighly
signiﬁcant increase of the changeof thedish slope. For thepartition 4/3
themean change of the dish slope is 0.40 mm/mmand it increases to
0.19 mm/mm for 1/6. Additionally the interaction of the hardenability
and the partition (AD) has a signiﬁcant effect on the dish slope but its
value of 0.12 mm/mm is relatively small compared to the effect of the
partitionofmaterial removal.No signiﬁcant effects of otherparameters
on the change of dish slope were identiﬁed.
In order to study the effect of the partition of material removal
on the change of the dish slope of the disks at otherwise constant
cutting conditions, their micrographs were analyzed regarding
material ﬂow features. Fig. 4 shows four micrographs of disks at
their center hole with the largest and the smallest disk slope
changes for thematerial removal partitions 4/3 and 1/6. The ranges
of the measured dish slope changes are given in the center of the
ﬁgure (62 disks with material removal partition 4/3 and 64 disks
with partition 1/6). For further analysis the characteristic material
ﬂow is described by a line (blue and red lines in Fig. 4) along the
region of the strongest deformation (the region of the banded
structure with the biggest curvature) and its distance y to the
horizontal center (dashed line).
For both partitions of material removal (4/3 and 1/6) maximal
and minimal dish slope changes correlate with similar material
ﬂow characteristics. Considering that the difference between both
material removal partitions results in a shift of the used disk cross
section by 3 mm(Fig. 3), this shift appears also in the position of the
strongest deformation line relative to the dashed center line
(y value) and indirectly in the change of the dishing direction from
downward (4/3: negative) to upward (1/6: positive).
These ﬁndings indicate a direct relationship between the dish-
ing behavior and thematerial ﬂow characteristics. Fig. 5 shows the
change of the dish slope with the material ﬂow position y for the
4 disks, whose micrographs are shown in Fig. 4. These preliminary
results suggest a continuous linear relationship between the
dishing of the disks and the position of their strongest internal
material ﬂow.4.3. Interim conclusions
The dishing behavior of the forged disks seems to depend on the
local shape of the banded structure. The banded structure is
governed by the forming strategy and the related material ﬂowmaterial removal partition
4 mm / 3 mm
3 mm
4 mm
ecaf pot
ecaf mottob
tions of material removal.
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tions of material removal lead to a shift of the banded structure in
the manufactured disks. It is assumed that a symmetric banded
structure is favorable for reducing the dishing effect. This can be
veriﬁed using the following strategies:(1)Tabl
Effec
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aAn adjusted partition of material removal. According to the
results presented in Fig. 4, a partition ofmaterial removal has to
exist for which the change of the dish slope is zero. This
partition should be close to 2/5.(2) A symmetric banded structure generated by a symmetric
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symmetric distribution of alloying elements is the main cause
for the observed shape changes, a material with an almost
homogeneous element distribution should also lead to a
minimization of dishing even if the forming strategy generates
an asymmetric material ﬂow.5. Distortion minimization and physical mechanisms
5.1. Procedure
According to the aforementioned considerations additional
experiments were conducted:(1) Eight disksweremanufactured from continuous cast steelwith
a low hardenability. The forging temperature was set to
1250 1C. In turning a total depth of cut of 2 mm at the top face
and a total depth of cut of 5 mm at the bottom face were used.(2) Solid disks with a symmetric body and material ﬂow were
forged. The center holes of the disks were drilled afterwards.(3) Nearly-segregation-free material was produced by spray
forming [21] and was used to manufacture disks in a
further experimental series. The objective was to separatemm/
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Fig. 8. Dependence of the change of the dish slope on the partition of material
removal for disks forged from spray-formed steel.Before and after case hardening the disks were measured
according to the procedure described in Section 3.
5.2. Results
5.2.1. Optimized partition of material removal
The partition 2/5 leads to an average change of dish slope close
to zero (Fig. 6). The standard deviation of the dish slope change
reaches about 0.20 mm/mm, also for the disks machined with
partitions 4/3 and 1/6 (0.21–0.25 mm/mm).
5.2.2. Symmetric material ﬂow
For studying the effect of the forming strategy on dishing, the
asymmetric disk cross section (Fig. 3) was replaced by a symmetric
one (Fig. 7). The center holewas not forged andpunched, but drilled
afterwards. The disks had the same size as before. Fig. 7 shows the
change of the dish slope of these disks for 3 different partitions of
the material removal.
The symmetric material ﬂow and drilling of the hole led to
signiﬁcantly smaller average dishing values for all three applied
material removal partitions compared to the standard disks in
Fig. 6. The smallest dishing is achieved for the combination of
symmetric forming and symmetric material removal (6/6).
Furthermore, these disks show a smaller standard deviation of
the disk slope change (0.11–0.13 mm/mm), which is about 50% of
that of the disks in Fig. 6.
5.2.3. Spray-formed material
The nearly-segregation-free spray-formed material allows to
separate the inﬂuence of the forging strategy from that of the
distribution of alloying elements. The disks were forged and
punched like the standard disks using the same dies and machine.
The observed average change of dish slope for the two partitions of
thematerial removal 4/3and1/6was about zero (0.03–0.0 mm/mm),
also with a signiﬁcantly smaller standard deviation than the
standard disks (0.10–0.14 mm/mm) (Fig. 8).
The improved performance of the spray-formed material in the
distortion testing is related to thegenerally homogeneous structureof
materials that are produced by the spray forming process [22–24].
The main reason for the homogeneity is the thermal history of a
material during spray forming that plays an important role for the
evolution of the microstructure of the preform. Different cooling and
solidiﬁcation conditionswill lead todifferentmicrostructures [24,25].
Calculation of the thermal proﬁles of a SAE 5120 billet under different4/3 3/4 2/5 1/6
-0.25
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6. Dependence of the change of dish slope on the partition of material removal.
mal partition at 2/5.spray forming conditions was performed to achieve optimal para-
meter settings and to interpret experimental results.
Fig. 9 shows the calculated temperature ﬁeld of the spray-
formed billet at different spraying times under the typical spray
forming condition (with 0.5 liquid fraction in the spray upon
deposition). The overall temperature ﬁeld and local liquid fraction
in the billet increase as the billet grows, therefore the total liquid
mass at the top of the billet increases as well. After the spraying
period, the billet cools down slowly and the residual liquid is
enclosed by completely solidiﬁed material.
Uniform cooling and solidiﬁcation conditions are required for
the overall billet in terms of homogeneous microstructure evolu-
tion. A cold rim of the billet is probable to bring in cold porosity and
ﬁner microstructure as it acts as a chilling substrate to the new
depositing layer. Therefore, the radial temperature distribution in
the billet should be as even as possible, i.e. small temperature
difference from the hot center to the periphery. This is assumed to
be realized by reducing the heat ﬂux from the side surface of the
billet and enhancing the heat ﬂux in the downward direction.6. Conclusions and outlook
In order to understand the basic mechanisms for the distortion
of gear wheels, all production steps prior to case hardening were
analyzed using disks with a hole made of the steel SAE 5120. The
Fig. 9. Temperature distribution of a billet at different stages during the spray forming process.
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the so called dishing. By applying a linear design of experiments it
could be shown that the partition of material removal has a highly
signiﬁcant effect on the dish slope changes of disks. However, the
cutting process is not the physical cause as additional experiments
with nearly segregation free material and a symmetric forming
strategy have proven. Although the physical mechanism for the
dishing phenomenon is not fully understood yet, three general
strategies for its minimization can be derived from the experi-
mental investigations:(1) Cutting: The partition of material removal allows to control the
amplitude and direction of distortion after case hardening. For
the presented manufacture (continuous casting, forging with a
punched hole) a material removal partition of 2/5 minimized
the dish slope change on average.(2) Forming: A minimization is also possible if a symmetric
forming strategy is applied even if the material is chemically
inhomogeneous.(3) Steel making: A homogeneous material also leads to minimal
dish slope changes even if thematerial ﬂowduring forming and
the partition of material removal are asymmetric.Considering that the partition of material removal only deter-
mines the used cross section of the forged disks within the ﬁnal
part, it affects the distribution of at least one of the carriers of the
distortion potential (such as residual stress, segregation or local
variation of deformation) causing the observed shape deviations. It
is assumed that the banded structure of disks plays a key role in
dishing, since it correlates with the observed dish slope changes.
The present work concentrates on further verifying the linear
relationshipbetween thedishing of thedisks and theposition of the
strongest internal material ﬂow.
Although both the symmetric forming and the spray-formed
material provide potential for a zero dishing of thedisks on average,
they still result in a rather large scatter (about 50% of the standard
deviation of the cast SAE 5120 disks). Since the forging process is
primarily deforming the banded structure, i.e. changing the local
distribution of the chemical elements and its properties given after
casting, these observations point towards perturbations in the
forming process or an effect generated by the process itself. Here
the work will focus on the causes for the scatter of the dishing
behavior by investigating the related intensive variation of the
material ﬂow characteristics.
For the determination of the underlying mechanism of dishing
the researchwill focus on anisotropicmaterial properties along and
across the banded structure (e.g. transformation plasticity), takinginto account that the stored distortion potential is released only at
the end of the manufacture by case hardening.Acknowledgements
The authors thank the Deutsche Forschungsgemeinschaft (DFG)
for the ﬁnancial support of the research within the Collaborative
Research Center 570 ‘‘Distortion Engineering’’. The authors also
thank the projects B3 and C2 of the Collaborative Research Center
570 for conducting coordinate and residual stress measurements,
respectively.
References
[1] F. Hoffmann, O. Kessler, Th. Lu¨bben, P. Mayr, Distortion engineering—distortion
control during the production process, Jinshu Rechuli/Heat Treatment of Metals
29 (8) (2004) 61–66.
[2] S. Gunnarson, M. Christianacce, T. Lund, J. Volkmuth, As Cast Shape, Related to
heat treatment distortion in circular engineering components, J. Eng. Perf. 4 (3)
(1995) 259–264.
[3] C.M. Bergstro¨m, L.E. Larson, T. Lewin, Measurements for reducing distortions
induced by case hardening, HTM 43 (1) (1988) 36–40.
[4] W.A.J.Moerdijk, Effect of Process Parameters onDistortion, in: G.E. Totten (Ed.),
Proceedings of the 1st International Conference on Quenching and the Control
of Distortion, ASM International, Materials Park, 1992, pp. 287–296.
[5] B.S. Lement, Distortion in Tool Steels, ASM, Metals Park, Novelty, 1959.
[6] E. Brinksmeier, J.T. Cammett, W. Ko¨nig, P. Leskovar, J. Peters, H.K. To¨nshoff,
Residual stress—measurement and causes in machining processes, Ann. CIRP
31 (2) (1982) 491–510.
[7] K.D. Thoben, Th. Lu¨bben, B. Clausen, Chr. Prinz, A. Schulz, R. Rentsch,
R. Kusmierz, L. Nowag, H. Surm, F. Frerichs, M. Hunkel, D. Klein, P. Mayr,
Distortion engineering: a system oriented view on the distortion of work-
pieces,, Jinshu Rechuli/Heat Treat. Met. 29 (11) (2004) 43–50.
[8] J. Volkmuth, Eigenspannungen und Verzug, HTM 51 (3) (1996) 145–154.
[9] J. Volkmuth, S. Lane, M. Jung, U. Sjo¨blom, Uneven residual stresses in bearing
rings prior to hardening and their effect on shape changes after hardening, in:
H.-W. Zoch, Th. Lu¨bben (Eds.), Proceedings of the 1st International Conference
on Distortion Engineering, Bremen, Germany, 2005, pp. 23–30.
[10] O. Kessler, C. Prinz, T. Sackmann, L. Nowag, H. Surm, F. Frerichs, Th. Lu¨bben, H.-
W. Zoch, Experimental study of distortion phenomena in manufacturing
chains, Materialwissenschaft und Werkstofftechnik 37 (1) (2006) 11–18.
[11] B. Clausen, F. Frerichs, G. Goch, D. Klein, Th. Lu¨bben, L. Nowag, C. Prinz,
T. Sackmann, D. Sto¨bener, H. Surm, H.W. Zoch, Prozesskettenu¨bergreifende
Analyse der Verzugsentstehung am Beispiel vonWa¨lzlagerringen, HTM 61 (6)
(2006) 309–319.
[12] P. Lamesle, E. Vareilles, M. Aldonando, Towards a KBS for a qualitative
distortion prediction for heat treatment, in: H.-W. Zoch, Th. Lu¨bben (Eds.),
Proceedings of the 1st International Conference on Distortion Engineering,
Bremen, Germany, 2005, pp. 39–47.
[13] K. Funatani, Control of heat treatment distortion and simulation technologies,
in: Proceedings of the Fifth International Conference onQuenching andControl
of Distortion, Berlin, Germany, 2007, pp. 207–216.
[14] B.Clausen, F. Frerichs,D.Klein, T.Kohlhoff,Th. Lu¨bben,C. Prinz, R.Rentsch, J. So¨lter,
D. Sto¨bener, H. Surm, Identiﬁcation of process parameters affecting distortion of
disks for gear manufacture—part II: heating, carburizing, quenching, Material-
wissenschaft und Werkstofftechnik 40 (5–6) (2009) 361–367.
[15] B. Clausen, F. Frerichs, D. Klein, T. Kohlhoff, Th. Lu¨bben, C. Prinz, R. Rentsch,
J. So¨lter, D. Sto¨bener, H. Surm, Identiﬁcation of process parameters affecting
E. Brinksmeier et al. / International Journal of Machine Tools & Manufacture 51 (2011) 331–338338distortion of disks for gear manufacture—part I: casting, forming, machining,
Materialwissenschaft und Werkstofftechnik 40 (5–6) (2009) 354–360.
[16] E. Schefﬂer, Statistische Versuchsplanung und –auswertung – Eine Einfu¨hrung
fu¨r Praktiker, Deutscher Verlag fu¨r Grundstofﬁndustrie, Stuttgart, 1997.
[17] W. Kleppmann, Taschenbuch Versuchsplanung, Carl Hanser Verlag, Munich,
Vienna, 2001.
[18] D.C.Montgomery, DesignAndAnalysis of Experiments, 6th edition, JohnWiley
& Sons, New Jersey, 2005.
[19] J. So¨lter, L. Nowag, A. de Rocha, A.Walter, E. Brinksmeier, T. Hirsch, Einﬂuss von
Maschinenstellgro¨ßen auf die Eigenspannungszusta¨nde beim Drehen von
Wa¨lzlagerringen, HTM 59 (3) (2004) 169–175.
[20] R. Rentsch, Material ﬂow and segregation shape analysis for hot forming of
20MnCr5 gear wheel blanks, Materialwissenschaft und Werkstofftechnik 40
(5–6) (2009) 374–379.[21] C. Cui, A. Schulz, U. Fritsching, R. Kohlmann, Spray forming of homogeneous
20MnCr5 steel of less distortion potential, Mater. Sci. Eng. Technol. 37 (1)
(2006) 34–39.
[22] C. Cui, U. Fritsching, A. Schulz, K. Bauckhage, P. Mayr, Spray formed bearing
steel insensitive to distortion, part 1:material characterization, J.Mater. Sci. 39
(2004) 5639–5645.
[23] C. Cui, U. Fritsching, A. Schulz, K. Bauckhage, P. Mayr, Spray formed bearing
steel insensitive to distortion, part 2: distortion behavior, J. Mater. Sci. 40
(2005) 1673–1680.
[24] C. Cui, U. Fritsching, A. Schulz, K. Bauckhage, P. Mayr, Spray forming of
homogenous 100Cr6 bearing steel billet, J. Mater. Process. Technol. 168 (3)
(2005) 496–504.
[25] U. Fritsching, Spray Simulation: Modeling and Numerical Simulation of
Sprayforming Metals, Cambridge University Press, Cambridge, UK, 2004.
